The use of Galleria mellonella as a model host to elucidate microbial pathogenesis and search for novel drugs and therapies has been well appreciated over the past years. However, the effect of microorganisms with functional appeal in the specific host remains scarce. The present study investigates the effect of treatment with selected lactic acid bacteria (LAB) with probiotic potential, as potential protective agents by using live or heat-killed cells at 6 and 24 h prior to infection with Listeria monocytogenes and Staphylococcus aureus or as potential therapeutic agents by using cell-free supernatants (CFS) after infection with the same pathogens. The employed LAB strains were Lactobacillus pentosus B281 and Lactobacillus plantarum B282 (isolated from table olive fermentations) along with Lactobacillus rhamnosus GG (inhabitant of human intestinal tract). Kaplan-Meier survival curves were plotted while the pathogen's persistence in the larval hemolymph was determined by microbiological analysis. It was observed that the time (6 or 24 h) and type (live or heat-killed cells) of challenge period with LAB prior to infection greatly affected the survival of infected larvae. The highest decrease of L. monocytogenes population in the hemolymph was observed in groups challenged for 6 h with heat-killed cells by an average of 1.8 log units compared to non challenged larvae for strains B281 (p 0.0322), B282 (p 0.0325), and LGG (p 0.0356). In the case of S. aureus infection, the population of the pathogen decreased in the hemolymph by 1 log units at 8 h post infection in the groups challenged for 6 h with heat-killed cells of strains B281 (p 0.0161) and B282 (p 0.0096) and by 1.8 log units in groups challenged with heat-killed cells of LGG strain (p 0.0175). Further use of CFS of each LAB strain did not result in any significant prolonged survival but interestingly it resulted in pronounced decrease of L. monocytogenes in the hemolymph at 24 h and 48 h after infection by more than 1 log unit (p < 0.05) depending on the strain. The results of the PLOS ONE |
Introduction
Probiotic microorganisms are defined as "live microorganisms which when administered in adequate amounts confer a health benefit on the host" [1] . A number of health promoting properties have been reported in the literature due to intake of probiotics, such as maintenance of the balance of the intestinal biota, alleviation of lactose intolerance, allergy prevention as well as anti-carcinogenic, antihypertensive and immunomodulatory properties [2, 3, 4, 5, 6] . Microorganisms regarded as probiotics are mainly lactic acid bacteria (LAB) belonging to Lactobacillus and Bifidobacterium genera that can be found in a variety of dairy products such as yogurt, cheese and fermented milk. However, due to the increasing number of consumers with different nutritional habits (e.g., veganism) or consumers with milk protein allergy, there is need for the development of non-dairy probiotic products [7] . Table olives, as plant based fermented products, have been reported as a promising alternative for their use as biological carriers of health promoting microorganisms originating from human gastrointestinal tract [8, 9] . Further on, a number of recent studies has been undertaken for the isolation and characterization of novel strains originating from the olive's autochthonous microbiota to be used as probiotics and as starter/protective cultures in table olive processing [10, 11, 12, 13, 14, 15] . Although these studies were undertaken in vitro their results are promising and indicate that olives are a rich pool of probiotic candidates giving rise to the need for further investigation under in vivo conditions.
The majority of reported studies highlighting the beneficial properties of probiotic microorganisms has been conducted using mammalian hosts and predominantly mice. The mouse model has long been used in research as in vivo tool, as it provides a similarity to human anatomy, immune response and in some cases microbial susceptibility. However, invertebrates are considered good alternatives to mammalian hosts to study microbial pathogenesis since many aspects of their physiology are evolutionary conserved, while they can be obtained and maintained inexpensively without dealing with the ethical issues associated with mammalian studies [16] . The most representative invertebrates as model hosts are the amoebae (Acanthamoeba castellanii and Dictyostellium discoideum), the soil-living nematode Ceanorhabditis elegans and insect species including the fruit fly Drosophila melanogaster, the greater wax moth Galleria mellonella and the silk worm Bombyx mori.
In probiotic related research, there are few studies using non-mammalian hosts. Studies on the nematode C. elegans have shown that a newly isolated Lactobacillus spp. and bifidobacteria may pose beneficial effect in the life and health span of the worm [17, 18] , whereas feeding C. elegans with L. acidophilus NCFM has been shown to protect against the Gram positive pathogens Enterococcus faecalis and Staphylococcus aureus [19] . Further on, symbiotic lactobacilli appear to be involved in intestinal development and stem cell proliferation in the fruit fly [20] . More recently, L. acidophilus ATCC 4356 was found to attenuate the experimental candidiasis in the greater wax moth [21] , while in another work eugenol in combination with LAB supernatants attenuates the virulence of Listeria monocytogenes in the same host [22] .
Among the abovementioned invertebrate models, G. mellonella larvae are regarded as emerging models posing advantages over other invertebrates. The most important advantage is their ability to survive up to 37°C to which human pathogens have been adapted. Larvae are commercially available, inexpensive to purchase and easy to maintain in the lab. Their size ranges between 1.5-2.5 cm which is large enough to handle and deliver a precise amount of microbial load directly in the haemocoel by injection through the last proleg. Moreover, results can be quickly obtained since a large number of larvae can be inoculated within a short period of time [23] , allowing thus high throughput experiments for assessing microbial virulence or testing antimicrobial compounds.
Most importantly, a positive correlation between virulence and host response has generally been found in G. mellonella and mammalian hosts for a range of microorganisms, such as Acinetobacter baumanii [24] , Pseudomonas aeruginosa [25, 26] , Yersinia pseudotuberculosis [27] , Staphylococcus aureus [28] , Listeria monocytogenes [29, 30] , Enterococcus faecalis [31] , C. albicans [23, 32] and Cryptococcus neoformans [33] . It has also been observed that pre-exposure of G. mellonella to sublethal doses of pathogens or physical stress gives them the opportunity to sense and mount their humoral and cellular defence against invasion, protecting them from a subsequent pathogenic invasion [34, 35, 36] . A part of defence peptide repertoire of G. mellonella has been described. Cytrynska et al. [37] purified eight different peptides from larval hemolymphs immunized with non pathogenic E. coli D31. Five of them, Gm proline-rich peptide 2, Gm defensin-like peptide, Gm anionic peptides 1 and 2 and Gm apolipophoricin, were not described in G. mellonella previously. Another study, allowed the detection of a rich array of known or putative G. mellonella antimicrobial peptides or proteins in immune hemolymph namely, lysozyme, moricin-like peptides, cecropins, gloverin, Gm-proline rich peptide 1, Gm-proline rich peptide 2, Gm anionic peptide 1, Gm anionic peptide 2, galiomicin, gallerimycin, inducible serine protease inhibitor 2, 6tox and heliocinlike peptide [38] . Antibacterial activity has been observed in cell free hemolymphs (CFH) of G. mellonella challenged with P. aeruginosa [39] and it was found that antibacterial activity of CFH was noted at 9h after challenge, reaching a peak at 18h while traces were found at 30h post challenge. However, there is so far a lack of data using microorganisms with health promoting properties in the wax moth model host. In this context, only two studies have been recently published to our knowledge. The first study [21] demonstrates that cells and culture supernatants of L. acidophilus ATCC 4356 can serve as prophylactic or therapeutic agents against candidiasis in G. mellonella by reducing the number of yeast cells in the larval hemolymph and increasing the survival of infected larvae. In the second study [22] , in the same model host, it was shown that eugenol and treatment with LAB, either alone or in combination, enhanced the survival rates of G. mellonella larvae infected with the pathogen L. monocytogenes and significantly reduced the pathogen's adhesion and invasion to intestinal cells while also hemolysin production, E-cadherin binding and virulence gene expression was significantly decreased.
The objective of the present study was to evaluate the effect of two selected LAB strains originating from black olive fermentation namely, L. pentosus B281 and L. plantarum B282 [40] against the pathogenic bacteria L. monocytogenes and S. aureus using the G. mellonella infection model. The selected LAB strains have been used in the present study because of their previously shown functional and technological properties. Strain B282 has been demonstrated to possess 9 genes belonging to pln locus and involved in plantaricin production [41] . However, no relevant information is available for the other LAB strains. Their probiotic potential has been further assessed by in vitro tests [13] while their adhesion and anti-proliferative properties in cancer cell lines have been recently reported [42] . Moreover, their use as starter cultures in olive fermentation and survival in high numbers on the final product has been reported [43, 44] .
Materials and Methods

Microorganisms tested and preparation of inoculum
The LAB strains L. pentosus B281, L. plantarum B282 and L. rhamnosus GG were employed in the present study. The former two strains (B281 and B282) belong to the culture collection of the Laboratory of Microbiology and Biotechnology of Foods (FMCC) of the Agricultural University of Athens, whereas the latter strain (LGG) belongs to the culture collection of the Laboratory of Dairy Research (ACA-DC) of the same University, and was kindly provided by Prof. E. Tsakalidou. The pathogens S. aureus B134 (ATCC 6538) and L. monocytogenes B129 were also taken from the FMCC collection. The former microorganism was isolated from human lesion and the latter from ready-to-eat frozen meal. All microorganisms were maintained as stock cultures in de Man-Rogosa-Sharpe broth (MRS, Lab M, Heywood, UK) for LAB strains and Tryptic Soy broth (TSB, Lab M, Heywood, UK) for pathogenic strains, supplemented with 20% glycerol and stored at -80°C. LAB strains were revived by adding 10 μL of the stock culture in 10 mL MRS broth and incubating at 30°C for 24 h. Working cultures were obtained by adding 100 μL of the revived culture in 10 mL MRS and incubating at 30°C for 24h. Pathogenic strains were revived by adding 10 μL of the stock culture in 10 mL TSB and incubating at 37°C for 24h. Working cultures were obtained by adding 100 μL of the revived culture in 10 mL TSB and incubating at 37°C for [16] [17] [18] h. All working cultures were centrifuged at 5,000 g for 10 min at 4°C and the resulting pellet was resuspended in 1× Phosphate Buffer Saline (PBS, Oxoid) resulting in a final concentration of ca. 9.0 log CFU/mL as assessed by plate counting. Serial decimal dilutions were further prepared in the same PBS medium to adjust the desired concentration of bacterial cells.
Galleria mellonella treatments
The effect of LAB upon the course of infection by the pathogens S. aureus B134 and L. monocytogenes B129 was assessed by two main series of experiments namely, prior to infection (within the context of prolepsis/prophylaxis) and post infection (within the context of therapy). Within the context of prophylaxis, larvae were challenged with viable or heat-killed cells of each LAB strain at the dose of 10 4 CFU/larva. In preliminary trials, high initial levels of LAB (ranging from 10 5 to 10 7 CFU/larvae) were administered and their virulence potential on the larvae was monitored. It was observed that high initial populations of LAB resulted in high mortality of the larvae depending on the injected dose. Specifically, for LAB strains L. pentosus B281 and L. plantarum B282 the infectious dose was 5.5 log CFU/larva, whereas for L. rhamnosus GG the infectious dose was 6.0 log CFU/larva. To tackle this effect, it was decided to lower the inoculated LAB dose to 10 4 CFU/ larvae, a dose that did not affect the survival of the larvae. Infection with the target pathogen took place at selected time points post injection with LAB namely, 6 and 24 h, at an infection dose of 10 6 CFU/larva. For the heat killing treatment, LAB cultures were placed in a water bath at 60°C for 30 min. The efficacy of the heat killing was assessed by culture. Within the context of therapy, larvae were infected with 10 6 CFU/larva of the target pathogen and subsequently treated with 1/10 cell free supernatants of LAB cultures. In order to obtain cell-free supernatants, the LAB cultures were centrifuged at 5000 g for 10 min at 4°C and then the supernatant was filter sterilized using 0.25 μm filter.
Galleria mellonella injections
Final instar larvae of the greater wax moth Galleria mellonella, weighing 250-350 mg, were purchased from a local vendor (Reptilia Nostra, Pet Servive, Athens, Greece), stored at 15°C in the dark and used within 7 days. Prior to the different injection treatments, the larvae bodies were rinsed with 70% alcohol.
For the prophylaxis experiments, 10 μL inoculum containing 10 4 CFU viable or heat-killed cells of each LAB strain were directly injected into larval hemocoel using a Hamilton syringe via the last left proleg. Larvae were incubated at 37°C in the dark and at 6 or 24 h of incubation they were again injected via the last right proleg with 10 μL inoculum containing 10 6 CFU of the pathogen. Then, the larvae were placed again at 37°C in the dark. The experiment was repeated twice for each pathogen at independent time-points. Appropriate control groups were also included namely, one group receiving PBS injections for general survival, one group receiving injection with the pathogen alone, and two groups receiving PBS injection at 6 and 24 h prior to infection with the pathogens (non-LAB control groups). Results from all assays were compared with the non-LAB control groups that received PBS injections prior to infection. In the case of experiments within the context of therapy, larvae were injected with a 10 μL inoculum containing 10 6 CFU of target pathogen via the last left proleg and subsequently they were injected with 10 μL inoculum containing 1/10 diluted cell free supernatants of each LAB strain via the last right proleg. Then, the larvae were incubated at 37°C in the dark. The experiment was repeated twice for each pathogen at independent time-points. One group receiving PBS injection, one group receiving injection with the pathogen and one group receiving injection with the pathogen and then with PBS were included as control groups. Results from this experiment were compared with the control group that received injection with the pathogen and then received sham injections with PBS.
Killing assays and microbiological analysis
For the killing assays, 16 randomly chosen larvae were used per treatment and the number of dead larvae was scored daily for a period of 7 days. Larvae were considered dead when they displayed no movement in response to touch. For all killing assays, Kaplan-Meier survival analysis was performed to determine the percentage of survival of infected larvae using STATA 6 and a pvalue <0.05 was considered to be statistically significant in comparison with the control group. Specifically, the number of dead larvae was recorded each day and at the end of the assay the number of alive larvae was scored as censored. The persistence of the pathogen in the hemolymph was assessed by microbiological analysis at specific time intervals within 48 h after infection. Specifically, at 8, 16, 24 and 48 h post infection the hemolymph of 5 infected larvae was collected in a 2 mL pre-chilled eppendorf tube. In order to ensure sufficient number of live individuals in each time point to perform the analysis, a total of 30-35 larvae were used for each treatment. Once the hemolymph was collected, decimal serial dilutions with PBS were prepared and 0.1 mL of the appropriated dilution was spread on agar media to quantify the population of the pathogen. L. monocytogenes was enumerated on Listeria PALCAM agar base (Biolife, Milan, Italy) incubated at 37°C for 48 h, whereas S. aureus was counted on Baird Parker agar (Biolife, Milan, Italy) incubated at 37°C for 48 h. Results were expressed as log values of colony forming units per mL (log CFU/mL) of hemolymph. Microbiological data for each sampling point were subjected to one-way analysis of variance using the software JMP version 8.0 and significant differences (p-value 0.05) were determined by t test for paired samples.
Results
Effect of challenge with live and heat killed Lactobacillus cells on L. monocytogenes infection
The challenge with live or heat-killed cells of selected LAB strains of G. mellonella larvae as means to control L. monocytogenes infection was evaluated at 6 and 24 h prior to infection. Killing assays for the different treatments are presented in Fig 1. In the case of infection at 6 h post injection with LAB, individuals of the control group (group that received PBS injection prior to infection) started dying from the first day of infection and they all died by day 3 (Fig  1) . Soon after the injection with the pathogen, melanization of the larvae was observed that became more intense with the progress of infection. Challenge with live (L) LAB cells resulted in slower killing that extended into day 4 or 5, depending on the LAB strain, with pvalues < 0.0001 for groups L_B281, L_B282, and L_LGG ( Fig 1A) . The persistence of live LAB cells in the hemolymph is presented as supplementary file (S1 Fig). Overall, the population of all LAB strains was recovered in reduced populations at 8 h post infection and thereafter they were either stable or increased throughout the course of infection. Slower killing of infected larvae was noticeable as well in groups that received heat killed (HK) LAB cells, compared to the control group, with p-values 0.0002, 0.0000 and 0.0002 for groups HK_B281, HK_B282, and HK_LGG, respectively (Fig 1B) . A different pattern was observed when infection took place at 24 h post challenge. In the control group, all larvae died within 3 days after infection with 15/ 16 (93.75%) of them dead at day 2. From day 3 onwards, administration with live LAB cells resulted in survival rates 18.75% for groups L_B281 (p 0.0229) and L_B282 (p 0.0053), and 50% for group L_LGG (p 0.0010) (Fig 1C) . Further, injections with heat-killed LAB cells resulted in higher survival rates for groups HK_B281 and HK_B282 (31.25%) and p-values 0.0048 and 0.0006, respectively, while the same percentage of survival for group HK_LGG was observed (50%) with a p-value 0.0000 (Fig 1D) .
The survival of the pathogen in the hemolymph was determined by microbiological analysis at specific time intervals within 48 h after infection. In the case of 6 h challenge (Fig 2A) , the population (CFU) of the pathogen was recovered under all treatments at levels similar to the control group, with the exception of the 24 h time point where the pathogen significantly decreased in all immunized hemolymphs by 0.76-1.80 log units. Among live injected LAB strains, the highest log reduction was observed by strain B282 (1.26 log units, p 0.03104) in comparison with the control group, while all LAB strains administered as heat killed resulted in 1.80 log units reduction with p-values 0.0322, 0.0325 and 0.0356 for strains B281, B282, and LGG, respectively. In the case of 24 h challenge on the other hand, only live cells of B282 strain and heat killed cells of the reference LGG strain resulted in significant decrease of the pathogen at 48 h post infection with p-values 0.0279 and 0.0202, respectively (Fig 2B) . All the observed significant differences as determined by t test for paired samples for the different sampling points are presented in Table 1 . 
Effect of challenge with viable and heat killed Lactobacillus cells on S. aureus infection
The survival plots of G. mellonella larvae against S. aureus for the different treatments are illustrated in Fig 3. In comparison to L. monocytogenes, injections with S. aureus in non-treated larvae did not result in fast killing of infected individuals but rather in an attenuated infection. Melanization of the larvae was also observed in the case of S. aureus infection. However, in the case of L. monocytogenes, the phenomenon appeared to be more immediate, since it started within minutes after infection compared to S. aureus that started at approximately 1.5 h after infection. In both cases however, dead individuals appeared to be completely black. However, higher survival rates were obtained in treated larvae, in both challenge times, with the highest observed in treatments with heat-killed cells of all tested LAB strains.
The persistence of S. aureus in treated and non-treated hemolymph is shown in Fig 4. In the 6 h challenged group, the pathogen in the control group was recovered at 5.6 ± 0.19 log CFU/ mL at 8 h post infection reaching a peak of 6.5 ± 0.7 log CFU/mL at 24 h and dropping again at 5.3 ± 0.3 log CFU/mL at 48 h post infection. Overall, the same trend was observed in groups that received live LAB cells with the exception of the group that received B282, where the pathogen was reduced at 24 and 48 h post infection. The persistence of live LAB cells in the host's hemolymph is illustrated in supplementary S2 Fig. It was observed that LAB population in the hemolymph presented a decrease at 8h post infection followed by an increase thereafter depending on the strain and type of treatment. Only in the case of 24 h challenged group, the population of LGG did not follow this trend and remained unchanged throughout infection. Significant differences for the pathogen's persistence in the hemolymph are summarized in Table 2 . In the case of administration with heat-killed LAB cells, a small but significant decrease of the pathogen in the early stage of infection (8 h) for all strains was observed with pvalues 0.0096, 0.0161 and 0.0175 for strains B281, B282, and LGG, respectively. A noticeable decrease at 24 h for strains B281 and LGG was observed, that was statistically significant only for the latter strain (p 0.0240). For groups that received LAB 24 h prior to infection, the pathogen in non-treated hemolymphs remained unchanged until 24 h post infection at around 5.0 log CFU/mL and reached a peak of 6.7 log CFU/mL at 48 h post infection. A significant decrease was observed at this time point in groups that received live cells of B281 (p 0.0099) and B282 (p 0.0122) strain as well as in groups that received heat killed cells of B281 (p 0.0399) and LGG (p 0.0150) strain.
Treatment of L. monocytogenes and S. aureus infection with Lactobacillus cell-free supernatants (CFSs)
Cell free supernatants from LAB cultures were tested as treatment therapy in G. mellonella larvae infected with L. monocytogenes and S. aureus. For both pathogens, no prolonged survival was observed in any of the groups treated with CFSs in comparison with the control cases ( Fig  5) . However, at 24 and 48 h post infection with L. monocytogenes, the pathogen was found significantly reduced by 1.2-2.0 log units and p-values 0.05 ( Fig 6A, Table 1 ). Microbiological data for S. aureus infection indicated that CFS treatments had no effect in the host's defense against infection (Fig 6B) .
Discussion
One of the aspects of the present work was to investigate the protective potential of selected LAB strains, against the pathogens L. monocytogenes and S. aureus. A significant attenuation was observed in Listeria infection using both live and heat-killed cells of LAB strains, depending on the strain and challenge period prior to infection (Figs 1 and 2 ). In the case of S. aureus infection, live cells of B282 strain attenuated infection under both challenge periods while heatkilled cells of all strains attenuated infection under 24 h challenge period (Figs 3 and 4) . The G. mellonella infection model has been previously reported for its efficacy in studying Listeria pathogenesis while the larval hemolymph has been further proposed as a source for anti-listeria therapeutics due to increased expression of defense peptides after infection [29, 30] . The virulence of S. aureus in G. mellonella was first assessed by Peleg et al. [45] while later studies support the use of the wax moth for testing antistaphylococcal agents [28, 46, 47] . In one of these studies [46] , larvae of the wax moth model were efficiently used as an invertebrate model for assessing virulence of SCV (Small Colony Variant)-like S. aureus using the same S. aureus strain as in the present study. However, no direct comparison can be discussed with the results of the present work since, the scope between these experiments are different and to the best of our knowledge there are no studies in the literature assessing the efficacy of LAB administration against this pathogen. A recently published work [21] , investigated the effect of live cells supernatant filtrates of L. acidophilus ATCC 4356 at 1 h pre and post infection with C. albicans in G. mellonella larvae and it was observed that treatments with the LAB culture or filtrate resulted in significantly higher survival in comparison with the control group. The definition given by FAO/WHO [1] for probiotics implies that intake of probiotics as live microorganisms is a prerequisite in order to exert a health benefit on the host. This definition however neglects the role of heat-killed cells as elicitors of immune responses. For this reason, heat-killed LAB cells were also used in the present study as potential protective factors against infection. A number of published studies provide evidence that the use of heat-killed LABs poses a series of positive health effects in mouse animal models. Heat-killed cells of L. casei strain YIT9018 species have been previously reported for their antimetastatic properties pentosus have also been documented in the literature for their efficacy against Salmonella Typhimurium [52, 53] , Streptococcus pneumoniae [54, 55] and influenza virus [56, 57] invasions. To our knowledge, the use of heat-killed cells of microorganisms with probiotic potential in the G. mellonella model system has not been reported in the literature. The prolonged survival which was observed at both challenge periods for both target pathogens further highlight that heat killing of selected bacterial strains can be promising against infection.
A number of studies published in the literature demonstrate positive attributes of lactobacilli metabolic by-products. Growth inhibition of pathogens due to CFS from L. rhamnosus, L. acidophilus and B. lactis has been previously reported [58, 59, 60] . In this sense, in the present study, the efficacy of LAB CFS as therapeutic agents against L. monocytogenes and S. aureus infection was further assessed in larvae of the wax moth. However, no prolonged survival of infected individuals was observed for both pathogens. Only in the case of L. monocytogenes infection, the pathogen was recovered at significantly lower numbers at 24 and 48 h post infection. In the study of Vilela et al. [21] , CFS from L. acidophilus ATCC 4356 significantly prolonged G. mellonella survival against C. albicans infection with approximately 20% of the larvae being still alive by the end of the experiment while this survival prolongation was observed when it was administered both as prophylactic and therapeutic agent.
Conclusion
The results of the present study provide evidence that L. pentosus B281 and L. plantarum B282 have the potential of antagonizing the important pathogens L. monocytogenes and S.aureus under in vivo conditions. The degree to which each strain exerts this property highly depends on the type of cells as well as the challenge time. The use of heat-killed LAB cells effectively decreased the pathogen burden in the larval hemolymph while short challenge periods prior to infection are recommended. Moreover, the use of CFSs of the specific bacterial strains does not seem to pose significant effect to pathogenesis, at least in the concept of therapy. Overall, the results of the present work can further assist in the broader use of the specific host as a low cost in vivo tool to better understand interactions between beneficial and pathogenic microorganisms. In addition, since research on the probiotic potential of microorganisms originating from olives is still recent, the use of the specific host can serve as a preliminary step for high throughput experiments prior to the use of murine models and clinical studies. 
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